Recent applications of magnetic circular dichroism spectroscopy (the Faraday effect) in organic chemistry are reviewed. Magnetic optical activity is a universal property of all matter and consequently can be applied to optically active as weil as optically inactive molecules. It is emphasized, however, that natural and magnetic optical activity have separate physical origins and the information provided will necessarily be different. A brief theoretical background is given in order to explain the three types (A, B and C) of MCD curves which may be encountered in practice and the deductions that may be reached from their occurrence. Spectroscopic and analytical applications of MCD are illustrated for a wide variety of molecular systemssuch as metalloporphyrins, chlorins, corrins, aromatic hydrocarbons, carbonyl compounds, purine and pyrimidine bases and their nucleoside derivatives.
INTRODUCTION
The natural produet ehernist has been partieularly reeeptive to the use of new physieal teehniques. Indeed in many instanees, major advanees in methodology arose from semi-empirieal studies performed by organie ehemists with model eompounds (e.g. earotenoids and steroids in ultraviolet speetroseopy, steroid ketones in infra-red speetroseopy, fatty aeids and indole alkaloids in mass speetrometry, ete.) derived from the natural produet field. In eaeh instanee, the method provided information whieh was either unavailable or eise only diffieultly extraetable by other means and the judicious use of a eombination of physieal methods is a conditio sine qua non for the modern organie or biologieal ehernist The aetual number of different physieal teehniques employed routinely by the organie ehernist is small, prineipally beeause permanent addition to hisexperimental armamentarium requires either that new information be provided or that known data be presented in a more eonvenient form.
Optieal rotatory dispersion and eireular diehroism are two closely related physieal methods, whose importanee in organie ehemieal methodology was first demonstrated as a result of work performed in the steroid field. Ten years ago one 1 of the plenary leetures at the first IUPAC International Symposium on the Chemistry ofNatural Produets dealt with applieations of optieal rotatory dispersion studies to problems in natural produets ehemistry. The date of that leeture was only a few months after the appearanee of the * Paper XV in the series 'Magnetic circular dichroism studies'. first modern monograph 2 on organic chemical applications of optical rotatory dispersion and it was still an easy matter to review the subject exhaustively. Four years later, in a Centenary Lecture 3 attentionwas called to the explosive growth of the field and the appearance in those intervening years of over 700 articles dealing with organic chemical applications of optical rotatory dispersion and circular dichroism. Since then, several books4- 6 have appeared which have barely kept up with the progress and there is no question that both techniques have found a secure place in organic chemical methodology.
The most important uses to which these two methods have been put are in the field of stereochemistry, with special emphasis on the determination of absolute configuration and on conformational analysis. In addition, there have been numerous analytical applications, notably in kinetic studies, which have taken advantage of the greatly increased rotation or ellipticity values in the spectral region of maximum absorption (see Figure 1 ).
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..., -e n: The data in Figure 1 3 illustrate the well-known relation between absorption, circular dichroism and optical rotatory dispersion and also point to two limiting requirements. The first is an absolute one and refers to the necessity of natural optical activity in the su bstance under investigation. Fortunately, this requirement does not impose major limitations among 58 ORGANIC CHEMICAL APPLICATIONS OF MAGNETIC CIRCULAR DICHROISM natural products, because the overwhelming majority of them are optically active. lt does, however, eliminate the majority of synthetic organic chemicals. The second requirement, which is indispensable for circular dichroism and very important in optical rotatory dispersion is that the substance exhibit one or more absorption bands in an accessible spectral region (in general above 190 nm) and that the intensity of the absorption band not be so high as to preclude measurement of the circular dichroism or rotatory dispersion. The existence of an absorption maximum is not an absolute requirement in optical rotatory dispersion, because optical rotationwill also be observed outside the region of absorption; however, the resulting curve will only be of the 'plain' type 7 (e.g. 300-400 nm region in Figure J ) and hence will not offer the wealth of information that is often extractable from curves displaying a Cotton effect (e.g. 250-300 nm region in Figure 1) .
The purpose of this plenary lecture, which follows almost exactly by ten years the first one 1 dealing with optical rotatory dispersion, is to examine the possibility of extending rotatory dispersion and circular dichroism techniques to optically inactive substances. A successful approach is provided by Faraday's discovery in the last century 8 that a substance placed in a magnetic field rotates the plane of polarized light-a phenomenon since known as the 'Faraday effect'. Of crucial importance to our subsequent discussion and to the selection of the optimum experimental conditions is the fact that all materials, irrespective of their chemical or geometrical structure, exhibit rotation in a magnetic field. Verdet 9 was the first to express the Faraday effect in quantitative terms through the expression cx = ~lH cos 8, in which IX is the magnetic rotation, l the path length oflight, H the magnetic field strength and 8 the angle between the magnetic lines of force and the optical beam. The proportionality constant ~ is now known as Verdet's constant and is characteristic (at a given wavelength) of the particular substance. Since the magnetic field and the light beam are usually parallel, cos 8 equals unity and hence can usually be omitted. Just as in the early development of optical rotatory dispersion 2 , most of the initial magneto-optical measurements were performed in the visible region outside the range of absorption bands. In the case of organic molecules, principal attentionwas paid to measurements ofVerdet constants, and mainly through the efforts of Perkin 10 extensive correlations between magnetic rotatory power (usually determined at the sodium D line) and constitution were attempted in order to obtain additivity relations similar to those observed in the use of molecular refractivity. A review 11 of the experimental and theoretical state of magnetic rotatory power until the early 1930s discloses that hardly any progress has been made in organic chemical applications since Perkin's Verdet constant measurements during the last century. In other words, this phase of magnetic optical investigations can be equated in terms of natural optical activity to the early emphasis on plain dispersion curves, i.e. studies outside the region of absorption. Such measurements are of importance now only in Faraday effect investigations of hydrocarbons 12 • 13 . The first significant experimental observation on the existence of anomalous magnetic rotatory dispersion was made around the turn of the century by Wood 14 who carried out measurements through one of the absorption 59 bands of praseodymium chloride. The first such observation with an organic compound was made only in 1932, when Cotton and Scherer 15 described the magnetic rotatory dispersion curve of thiobenzophenone in the region (i.e. on either side) of its 600 nm absorption band. Ten years later, similar measurements were performed 16 through the n-n* absorption band of 2-pentanone but thereafter no significant research activity occurred until the early 1960s. lt is precisely with such research that we should like to occupy ourselves in this article.
lt is not surprising that the renewed interest in optical rotatory dispersion and circular dichroism of organic compounds which commenced about 15 years ago should also have had repercussions in the area of Faraday effect measurements. As has been the case in all other developments involving the use of physical methods by organic chemists, one of the most important incentives is invariably the existence of convenient instrumentation. Thus, as pointed out earlier 2 , the introduction of the spectropolarimeter was the single most important factor that allowed the organic ehernist to contribute so heavily to modern advances in optical rotatory dispersion and circular dichroism. Once many such instruments became available, then all that was really necessary was to incorporate a suitable magnet in order to extend these optical measurements to their magnetic counterparts. lnstrumentally, the developments in the optical rotatory dispersion field 2 preceded those
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in the circular dichroism area and it is not surprising, therefore, that the same chronology was followed with Faraday effect measurements of organic compounds. The first significant study was recorded by Shashoua 17 who inserted an electromagnet, capable of a magnetic field strength of up to 18 kgauss, into a spectropolarimeter and measured the magnetic rotatory dispersion of eleven optically inactive organic compounds (e.g. acetone, furan, acridine, ethylene trithiocarbonate, etc.) through their region of absorption. Severallaboratories, including our own, had initiated Faraday effect measurements of organic compounds araund that time and it is instructive to note why eventually the major emphasis was placed on magnetic circular dichroism (henceforth abbreviated as MCD) rather than on magnetic optical rotation (abbreviated as MOR). Figure 1 illustrates the well-known fact 2 -5 that the natural circular dichroism of an optically active molecule is only observed in the region of its absorption band, whereas optical rotation is encountered in that region as weil as far away from it. Circular dichroism curves, therefore, are simpler in shape and are especially advantageaus in substances with closely spaced absorption bands. Rotatory dispersion, on the other hand, because of its operation outside the region of maximal absorption, has the advantage of being measurable in compounds whose absorption is either outside the measurable spectral range or eise is too intense for feasible signal detection. Furthermore, the greater complexity of ORD curves resulting from the frequent superposition of background rotational effects and Cotton effects may also offer important advantages 3 for 'finger printing' purposes. In principle, precisely the same statements can also be made for MCD and MOR.
However, an additional factor needs to be considered in Faraday effect measurements, which does not exist in CD and ORD. Exposure to a magnetic 60 field induces optical activity in all molecules, including the solvent, and since the latter is present in much greater concentration than the solute, the signal associated with the solute is frequently difficult to measure. When measurements have to be carried through the region of absorption of the solute, the solution may have tobe particularly dilute and if the 'magnetic Cotton effect' (a misnomer as shown below) is weak, it may be very difficult to determine it with any type of precision. None of these difficulties exist in MCD, provided a solvent is employed that is optically transparent in the absorption region of the solute. Instrumentally 18 , the complications in MOR measurements associated with the optical activity of the solvent can be overcome by incorporating into the spectropolarimeter in tandem two identical magnets (either solenoids or permanent magnets), which are arranged so that the fields oppose each other. The first magnet contains a sample tube with pure solvent, whereas an identical sample tube containing the solution is placed into the second magnet. Since the two magnetic fields are of identical strength but opposite direction, the contribution of the solvent cancels out and the observed magnetically induced rotation should be attributable only to the solute. This is the technique employed by us in our initial MOR studies 19 and by others 18 • 20 . The final and decisive factor, which led us 21 to concentrate exclusively on MCD, was the desire to use as high a magnetic field as possible, since the intensity of the signal is proportional to the strength of the magnetic field. Such a requirement is particularly important for compounds (e.g. ketones), which display weak but very interesting signals, or for certain analytical purposes (e.g. analysis of lunar samples). Experimentally, the answer is provided 21 by superconducting magnets which provide fields in excess of 50 kgauss and yet are sufficiently small in size so as to be easily inserted into commercially available dichrometers. Their initial cost as weil as consumption ofliquid helium realistically precludes their use in a tandem arrangement for MOR measurements.
Superficially, CD and MCD or ORD and MOR would appear to be closely related, since in each instance one is dealing either with differences in absorption (circular dichroism) or refractive index (rotation) for right and left circularly polarized light. Various relations such as the KronigKramers theorem 22 or the Drude equation 23 apply equally to natural optical and magnetic optical parameters; similarly, the data in each case are expressed in identical ways (e.g. [8] or L\e in CD and MCD) since one is dealing either with differences in absorption ( eL -ER) or refractive index ( nL -nR. ). In addition, the sign convention is the same for both natural and magnetic optical activity provided that the light beam is moving in the positive direction of the magnetic field 24 • 25 . Nevertheless, there exists a fundamental difference between natural and magnetically induced optical activity. In the former, the disturbing factor is internal to the molecule and its own dissymmetry is responsible for the fact that upon excitation the electrons follow a helical path with the chirality ofthe helix being responsible for the differential absorption of right and left circularly polarized light. In magnetically induced optical activity, the disturbing factor (i.e. magnetic field) is now external to the molecule and the latter's geometry should not 61
play an important role, whereas molecular geometry is crucial to ORD and CD. In the case ofthe Faraday effect, the right and left circularly polarized photons no Ionger interact equivalently with the absorbing medium under the influence of the magnetic field. In a highly significant article, Buckingham and Stephens 24 reviewed the theory of magnetic optical activity and more recently, another important review 25 appeared covering both theory and recent developments in inorganic chemistry. These articles eliminate the necessity for covering theoretical aspects in the present contribution, whereas the very brief mention of MCD applications in organic chemistry by previous reviewers 24 • 25 justifies our concentration upon this topic. In discussing the experimental results, we shall concentrate mainly on contributions from our own laboratory, but before doing so a short coverage of the effect of a magnetic field upon electronic states is indicated in order to explain the three types (A, B and C) of MCD curves that may be encountered in practice and the deductions that may be reached from their occurrence.
GENERAL BACKGROUND TO MAGNETIC CIRCULAR DICHROISM Already at an early stage, theoreticians noted the analogy between the Faraday and the Zeeman effect. The normallongitudinal Zeeman effect is characterized as the splitting of a spectralline into a left and a right circularly polarized component. The Faraday effect was then treated theoretically by considering the longitudinal Zeeman effect in absorption. Serber 26 showed that three terms were involved in calculating the Faraday rotation of a molecule: the A term is related to the Zeeman splitting of the spectrallines into a left and a right circularly polarized component; the B term is due to perturbations in the energy Ievels caused by the magnetic field; and the C term is associated with a change in electronic population of the split ground state. Serber's nomenclature has been retained by Buckingham It is convenient to consider an isolated electronic transition in which an electron is promoted from a ground state a to an excited state j [ Figure 2(a) ]. If the incident light beam is randomly polarized, one observes an absorption band at the resonance frequency v 0 as shown in Figure 2(b) . If the incident light beam is circularly polarized, equal amounts of energy are absorbed from the left and right circularly polarized components with the consequence that no circular dichroism is observed. When, however, the medium is placed in a magnetic field which is oriented so that the direction of the magnetic field is the sameasthat ofthe propagation direction ofthe beam of circularly polarized light, the medium will exhibit a selective response to the right and left circularly polarized components. · The contribution of an isolated transition a --~> j to the magnetic circular dichroism of a molecule can be expressed 25 as the sum of three terms which 62 are due to three electronic situations that may be present
where [9] M is the molar ellipticity per unit magnetic field (deg. decilitres decimetres-1 mole-1 gauss-1 ) and f 1 and f 2 are functions ( of the resonance frequency v 0 , the frequency of the incident light beam v, and the half-band width r) which provide an explicit description of the shapes of the MCD bands associated with the A and with the Band C parameters, respectively. The quantum mechanical expression 27 for the A term is
where da is the degeneracy of a, arid p and m are the magnetic and electric dipole operators, respectively. The basic requirement for a molecule to exhibit an A term is that there must be a non-zero magnetic moment in either the ground state a or in the excited state j. This in turn requires that one or more of these states must degenerate. The symmetry requirement for such degeneracies is that the molecule must possess at least a threefold symmetry axis. Consequently, the nurober of molecules which exhibit A terms will be very small. The origin of the S-shaped bands [ Figure 2 (d)J which are characteristic of A terms is diagrammatically represented in Figure 2 where we consider the case in which only the state j is degenerate.
In the presence of the magnetic field the degeneracy is lifted with the result 63 that transitions to the split-levels, j' and j", now occur at frequencies which are symmetrically located about the zero-field resonance frequency v 0 . The amount of splitting is determined by the magnetic moment between the two states and by the strength of the magnetic field. The selective response [ Figure Figure 3 illustrates the effect of a magnetic field on a molecule for which the ground state a is degenerate. In this situation the lower state a' is more highly populated than the upper state a". This unequal population, which is even more pronounced at low temperatures, is reflected by the relative intensities of absorption of the left and right circularly polarized components as depicted in Figure J (c). The resulting experimentally observed C term is shown in Figure 3 (d). Such C terms, which have been referred to in the past as 'paramagnetic rotational effects', are very rare among organic compounds (one example is in the negative ions of magnesium phthalocyanine 28 ) , but are more frequent in certain inorganic molecules. Typical examples and applications in the inorganic chemical field have been described elsewhere 25 • 
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As indicated in equation 1, C terms are described by the same shape function, f 2 , as are the very common B terms. Since B termsarenot subject to temperature dependences, such a test can be employed to differentiate them from C terms.
The low symmetry of the vast majority of organic molecules necessarily precludes the existence of degeneracies in their ground and excited states. Nevertheless, the magnetic field does have an effect on the energy Ievels of the molecule. The effect is, in fact, a very general one which will be present even in molecules which show A and C terms. This ubiquitous Faraday parameter, the B term, arises from the mixing of the ground and two or more excited states by the magnetic field.
The quantum mechanical expression 2 7 for the B term is
where hvka = Ek -Ea and hvki = Ek -Ei and Ea, Ei and Ekare the energies of states a,j and k, respectively. In order to simplify this discussion we assume that the dominant contribution totheB term comes from the second summation in equation 3. Furthermore, we consider that only three states are involved, namely a ground state a and two excited statesj and k as represented diagrammatically in Figure 4 (a). In the absence of a magnetic field the promotion of an electron to states j and k is independent of the state of polarization of the incident light-provided that the molecule is not optically active-and absorption is observed at the resonance frequencies via and vka as depicted in Figure 4 (b). If, however, there are off-diagonal matrix elements in the magnetic moment between the states j and k, then these states are mixed by the magnetic field. That is, the magnetic field causes each state to aquire some of the characteristics ofthe other. Now there will be differential absorption ofthe left and right circularly, polarized components as shown in Figure 4 (c). This differential absorption results in MCD bands which, for allowed transitions, pass through their maximum values at frequencies corresponding to the zero-field resonance frequencies of the transitions v ja and vka as shown in Figure 4(d) . The preferential absorption of the left and right circularly polarized components will, however, be different for the two transitions [ Figure 4 (c)]. Consequently, if a positive MCD band is observed at vka, then a n~gative band will be observed at via·
In the second summation in the expression for the B term 3 it will be noted that the numerator involves the product of three vectors, namely: the magnetic moment between the states j and k and the electric dipole moments between the ground state a and the two excited states, whereas the denominator contains the energy difference between the states j and k. Consequently, in this idealized situation, the two oppositely signed bands will have the same integrated intensity irrespective of the strength of the absorption band. The magnitudes ofthe two MCD bands depend, however, on the energy separation between the two excited states. As the energy separation between the two transitions becomes smaller, the intensities of the MCD bands will increase. When the two absorption bands are not resolved, the MCD curve will closely resemble the S-shape characteristic of an A term. Finally, it should be noted that the numerator is in the form of a scalar triple product. Consequently, the MCD bands will be largest when the transition moments are orthogonally oriented with respect to each other. As the angle between any two, say the electric dipole moments, decreases, the MCD bands will become smaller and in the event that any two of the transition moments are parallel no MCD will be observed. SOME ORGANIC CHEMICAL APPLICATIONS Faraday effect studies on compounds which contain either the porphyrin skeleton or eise a closely related one have been of particular interest to both experimentaP The magnetic circular dichroism spectra of metalleporphyrins and phthalocyanines have been of some interest to theoretical chemists in recent years since magnetic circular dichroism provides a very direct means of experimentally measuring excited state magnetic moments. The values so obtained can then be compared with the calculated values obtained using the wavefunctions from various theoretical models in order to determine their validity. An interesting result 2 7 isthat the free-electron theory developed twenty years ago by W. T. Simpson 40 provides nearly the same ratio of splitting in the Soret and Q bands as do the more sophisticated configuration interaction models developed more recently by Gouterman et al.
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In the past year we have been interested in a very practical aspect of the MCD of metalloporphyrins. It will be noted in expression 2 for the A term that its magnitude depends on the scalar triple product of the magnetic moment between the split energy Ievels and on the electric dipole moments between the ground state and the two upper Ievels. In addition the shape function, f 1 , indicates that the magnitude will be inversely proportional to the half-band width (F). Consequently, since the absorption bands ofmetalloporphyrins are very narrow and intense, one would expect that the A terms exhibited by these compounds would be quite large. In fact, as little as 0.000007 mg;ml of Mg(n) deuteroporphyrin IX dimethyl ester can readily be detected with our instrument. This sensitivity as weil as the characteristic S-shaped bands in two regions of the spectrum make magnetic circular dichroism a uniquely useful analytical spectroscopic method for the detection of very small amounts of these substances. Our interest in this analytical application was based on the idea that since metalloporphyrins have been . detected in meteorites these substances are likely tobe present on the surface of the moon. Consequently, the MCD spectrum of a portion of the organic extracts from a lunar soil sample was measured 35 . The conclusion reached was that metalloporphyrins arenot present in amounts greater than 0.000007 mgjml. This result was not entirely unexpected since other analytical techniques indicated that the total organic content in the lunar samples was of the order of one part per million and the extract measured was from a 12.5 g soil sample.
Although some preliminary MCD measurements have been made on iron porphyrins 19 • 37 , the principal applications ofthe Faraday effect to the study of these compounds has so far been by MOR. In particular, Volkenstein32 and Shashoua 42 have reported MOR spectra for haemoglobin and oxyhaemoglobin. Shashoua has noted that the natural optical rotations of a number of ferrohaemoglobins 42 having H 2 0, 0 2 and CO as ligands are quite small in the 450--650 nm region whereas substantial changes can be noted in the MOR spectra. Similar differences were noted in the MOR spectra of cytochrome c as a function of its oxidation state. In a later publication 31 Shashoua used the great differences in the MOR spectra of the oxidized and reduced forms of this compound in order to study the kinetics of the redox reaction.
The MOR spectra of haemoglobin and oxyhaemoglobin (modified from Volkenstein 32 to conform with the sign convention in current use 24 · 25 ) and the corresponding MCD spectra measured in our Iabaratory are shown in Figures 6 and 7 in order to illustrate the differences in the curves obtained by MOR and by MCD. In Figure 6 the MOR A term associated with the 576 nm absorptionband of oxyhaemoglobin is characterized by the intense positive peak at 576 nm and the weaker negative Iobes at 593 and 559 nm. The corresponding MCD A term (Figure 7) _ is characterized by an S-shaped band (negative maximum at 582 nm; positive maximum at 570 nm). Camparisan of the curves in Figures 6 and 7 shows that the A term associated with the 414 nm absorptionband of oxyhaemoglobin is much moreevident in the MCD spectrum (negative maximum at 425 nm; positive maximum at 408 nm in Figure 7 ) than it is in the MOR spectrum (positive maximum at 417 nm in Figure 6 ). The CD spectrum of oxyhaemoglobin is included in .\,nm 69 Figure 7 to illustrate the great differences in the MCD and CD signals. Only the CD Cotton effect at about 420 nm could be measured at the concentration (4 x 10-6 molar) used for the MCD measurements. The exchange of the Iigand 0 2 in oxyhaemoglobin for H 2 0 in haemoglobin results in dramatic changes in the MOR ( Figure 6 ) and MCD (Figure 7 ) spectra. The shape of the MCD curve of a haemoglobin (Figure 7) suggests a significant contribution of a B term in the 430 nm region. In the MOR spectrum ( Figure 6) this B term has a characteristic S-shape (positive maximum at 436 nm; negative maximum at 424 nm).
The MCD spectrum of a metalloporphyrin, Mg(n) deuteroporphyrin IX dimethyl ester, was used ( Figure 5} to illustrate A terms. The MCD spectrum of protoporphyrin IX is shown in Figure 8 as an example of a structurally relat~d compound which exhibits only B terms. The effect of removing the metal and protonating the two opposite nitrogen atoms of the porphyrin is to cause electronic displacements in the x and y directions in the plane of the molecule to become strongly unequivalent, i.e. the excited states are no Ionger degenerate. This splitting is reflected in the absorption spectrum by the four bands at 630, 576, 541 and 505 nm which are derived from the metalloporphyrin Q 0 and Q 1 bands (see Figure 5} . In the MCD spectrum the negative B terms (but positive B values-see equation 1) at 628 and 582 nm are associated with the transitions (Q~ and Q~) which are polarized in the x-direction whereas the positive B terms at 540 and 511 nm are associated with the corresponding y-polarized transitions (Qb and QD. The nearly equal intensities of the corresponding B terms, e.g. Q~ and Q~, indicate 27 that intermixing of Q states dominates over mixing with higher states.
Although the splitting of the Soret band (at 407 nm) is not evident in the absorption spectrum, it is very apparent in the MCD spectrum. In particular, the intense S-shaped MCD band characteristic of an A term (see Figure 5 ) is noticeably absent in the region of the Soret band of protoporphyrin IX (Figure 8 ). Instead one observes two negative MCD bands at 426 and 379 nm and a positive band at 407 nm. The intensities of these bands as weil as the shape of the MCD curve in the 350-450 nm region indicate the presence of several closely spaced B terms.
Wehave already called attention to theseparate physical origins of natural optical activity and magnetic optical activity. Since magnetic optical activity is a universal property of all matter irrespective of whether or not the sample is itself optically active, it is of some interest to compare and contrast in some optically active substances the type of information provided by MCD with that provided by CD. As a particular example 33 , the absorption, MCD and CD spectra of isochlorin-e 5 dimethyl ester is shown in Figure 9 . The chlorins are derived from the porphyrins by reduction of one of the pyrrole ring double bonds. The very intense Soret band is found at 400 nm. The very weak band at 527 nm is designated Q~ and the much stronger one at 661 nm is designated Q~. The bands on the blue sides of these two bands are the respective overtones. The same fundamental picture is obtained in the MCD spectrum as in the metal-free porphyrins, namely, that the MCD bands associated with the Qb and Q~ bands are of opposite sign. However, it will be noted that the relative signs of these two bands are opposite to that found in the metal-free porphyrins ( Figure 8) ; ie. the long wavelength band 70 is now positive. In the Soret region the splitting of this transition is again dramatically revealed in the magnetic circular dichroism spectrum but much less so in the absorption spectrum. A.,nm 
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In this investigation 33 we compared the MCD, absorption and CD spectra of six closely related optically active chlorins. The results of the analysis indicated that, if MCD instruments were generally available, this would be the preferred method for correlating spectra with the nature and positions of substituents on the chlorin skeleton. The principal reason isthat the signals are very much stronger and consequently easier to measure accurately than in CD or absorption. Furthermore, the magnitude of one of the MCD bands, in particular the one at 530 nm which is associated with the Q 0 transition, is very sensitive to both the natu~:e and the positions of the substituents on the chlorin framework. For example, the MCD, CD and absorption spectra of chlorin-e 6 trimethyl ester are shown in Figure 10 , where it will be noted·that the effect ofreplacing the hydrogen atom with the carbomethoxy group is to intensify greatly the 534 nm MCD band. The curves in Figures 9 and 10 also illustrate the fact that there is no direct relationship between the intensities in the absorption and in the MCD spectrum. In particular, in Figure 10 compare the intensities of the MCD bands associated with the absorption bands at 530 and at 665 nm. In a recent investigation Haussier and Sauer 34 made an extensive study of the CD and MCD spectra of several chlorophyll and protochlorophyll pigments and their phaeophytins. These authors made effective use of MCD and CD as complementary spectroscopic techniques for absorption band assignments. 72 Aspart ofanotherinvestigation 36 we examined the MCD spectra ofa series of corrin derivatives which differed in the substituents attached to the corrin skeletonandin the particular metal (Co, Ni, Zn) coordinated with the four nitrogen atoms of the reduced pyrrole rings. The MCD and absorption spectra of one member of this series are shown in Figure 11 to illustrate the application of MCD to the detection of hidden absorption bands among corrins. In particular, attention should be called to the 330--450 nm region, which displays much more detail in its MCD curve as .compared to its absorption spectrum. Aromatic hydrocarbons have provided a fertile series for investigation by means of Faraday effect spectroscopy during the last decade. The application43· 44 of MCD as an aid to the assignment of electronic transitions in the case of coronene and triphenylene (and therefore, presumably for benzene as weil) has been summarized in the review of Schatz and McCaffery 2 5 . Wehave investigated the MCD spectra of a nurober of annulene derivatives45. Figure 12 shows the absorption and MCD spectra of a particularly important member of this series, namely [18] annulene. This molecule has been of considerable interest to theoretical chemists in recent years because of the question of aromaticity in the larger cyclic polyenes. Many attempts have been made to explain quantitatively the absorption spectrum of this compound 46 · 4 7 • All molecular orbital treatments based on the assumption of no bond alteration failed in that they led to excessively low energies and excessively large oscillator strengths. On the other band, the hypothesis ofbond alternationwas not supported by x-ray diffraction measurements 48 . The situation has been recently reviewed by Salem 49 and a possible explanation provided for the discrepancy between the previously invoked schemes. A molecular distortion is assumed, owing to a slight overcrowding of the internal hydrogens. This tends to lengthen the outer C-C bonds with respect to the inner ones. According to this explanation, [18] annulene should keep its centre of symmetry and consequently its D 6 h symmetry. The MCD spectrum of [18] annulene (Figure 12 ) is consistent with this explanation since the observation of an A term corresponding to the 368 nm absorption band confirms the assignment 46 ofthisband to the 1 E 1 u degenerate transition. It is of particular interest to note that the sign of the A term in [18] annulene is opposite to that in Mg(n) deuteroporphyrin IX dimethyl ester ( Figure 5 ). The weaker absorptionband at 448 nm is probably due to the electronically forbidden but vibrationally allowed B 1 u transition. The B 2 u transition presumably underlies the absorption shoulders at Ionger wavelengths. The MCD bands associated with these transitions are quite small. Other interesting examples were provided 45 by several derivatives of [18] annulene in which pairs of central hydrogen atoms were replaced by bridges containing various combinations of sulphur and oxygen. F or example, in [18] annulene trioxide the sign of the A term is reversed as compared to the unbridged compound. In the case of the trisulphide derivative the very much smaller effects were interpreted as reflecting a reduction in the symmetry of the framework through overcrowding of the inner atoms and consequent twisting of the molecule. 500 Figure 12 . MCD ( --) and absorption (----) spectra of [18] annulene in isooctane.
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[e]M is normalized to 1 gauss.
In the introductory section the B term was illustrated in Figure 4 with the idealized three state case. Since the expression for the B term requires the summation over all excited states, the simple features illustrated are rarely encountered in practice. The information provided in such cases is, however, not without interest. This is particularly true when a closely related series of compounds is available for study. Thus an extension of our annulene studies 45 to a series of 1,6 bridged [10]-annulenes 50 revealed that the general shape, 74 sign and magnitude of the B terms through the forbidden 1 Lb band ( araund 380 nm) are very sensitive to the nature of the substituent on the 1,6-bridge, whereas only intensity changes were noted in the absorption spectra. As a specific example, the MCD spectra of 1,6-iminocyclodecapentaene measured in methanolandin methanolic HCI are compared in Figure 13 . The protonation of this compound causes drastic changes in the MCD spectrum (an almost identical curve resulted when boron trifluoride etherate was added), which suggests a strong interaction between the nonbonding nitrogen electrons and the ten-n-electron system of the ring. Additional examples can be provided from aromatic compounds. Thus, in a preliminary investigation ofthe MCD spectra ofaromatic systems we 21 called attention to. the sensitivity of MCD to steric strain in some derivatives of benzo(c)phenanthrene. Foss and McCarville 51 compared the MCD spectra of several catacondensed aromatic hydrocarbons (e.g: naphthalene, anthracene, etc.) and suggested that the changes in the sign of the MCD in a homogeneaus series could be used as a means of labeHing electronic transitions.
In a subsequent investigation, Foss and McCarville 52 measured the MCD of a series of substituted benzenes and found a correlation between the electron donating or withdrawing power of the substituent and the sign as weil as of the intensity of the B 2 u band. In particular, it was found that a linear relation existed between the Harnmett O"para value of the substituent and the MCD for both mono-and di-substituted benzenes. In addition, these authors noted that the symmetry of the molecule appeared to play an important role in determining the magnitude of the MCD. It is anticipated that the results of a theoretical study in progress 53 will provide a firm basis for understanding these substituent effects. 75 Relatively little work has been done on simple nitrogen bases and the reports which have been published on the MOR 17 and MCD 54 spectra of these compounds have largely been limited to exploratory studies. It has been suggested 55 that MCD may be a very suitable technique for locating n-n* transitions in nitrogen bases since the MCD bands associated with the n-n* and n-n* transitions were predicted to be of opposite sign. However, this does not appear to be generally the case. A more detailed theoretical study of the MCD of simple nitrogen bases is in progress 53 0.5.. ..-----------,---------- A,nm Figure 14 . MCD ( --) and absorption (----) spectra of purine in waterat pH 7.
[9]M is normalized t~l gauss.
Arecent series ofpapers 56 - 58 from our laboratory records the applications of MCD to another class of heterocyclic compounds, the purine and pyrimidine bases and their nucleoside derivatives. Our investigations in this area were primarily motivated by the fact that the purine and pyrimidine nucleosides are constituents of the biologically important nucleic acids and that any concerted investigation of the applications of MCD in such polymeric systems must be based on a detailed preliminary examination of their monomeric chromophores. In addition, we considered that the availability of the component purine and pyrimidine bases as well as several nucleoside anomers afforded the opportunity of comparing and contrasting more closely the kind of information provided by magnetic and natural circular dichroism. Furthermore~ it was of interest to us to explore the potential analytical applications of MCD for detecting very small quantities of these compounds.
The MCD and absorption spectrum of purine itself is reproduced in Figure 14 . By analogy to the symmetry classification ofthe absorption bands 76 of benzene the strong band at 263 nm is assigned to the B 2 u transition. The weaker B 1 u transition can be observed as a shoulder at about 240 nm and a pair of E 1 u bands are located below 200 nm. The n-rt* transi tions are generally hidden under the more intense Tt-rt* transitions; however, fluorescence measurements placed one of these at about 280 nm. Although the inequality in the intensities of the two oppositely signed MCD bands associated with the B 1 u and B 2 u transitions might be interpreted 56 as reflecting the presence of such a transition, it is not discernible as such. t.,nm Figure 15 . MCD at pH 7 (---) and pH 2 ("--) and absorption at pH 7 ( .... ) and pH 2 (----) of adenine in water. [8] M is reported for a 49 500 gauss magnetic field.
An important member of the purine bases which are found in the nucleic acids is adenine. The MCD and absorption spectra of this base measured at pH 7 and at pH 2 are shown in Figure 15 in order to illustrate several points. We have already called attention to the important discovery by Foss and McCarville 52 ofthe sign reversal in the B 2 u transition of substituted benzenes. This substituent effect was noted by us as weil as by McCarville 59 in the purine series. In particular, it will be noted that the sign of the MCD bands associated with the B 2 u and the B 1 u transitions in purine (Figure 14 ) are opposite to those found for adenine (Figure 15 ). There exists considerably more direct evidence for the presence of an n-rt* transition in the case of adenine as compared to purine. In particular, we have suggested 56 that the 77 shoulder at 265 nm in the pH 7 MCD spectrum may be due to an n-x* transition since it disappears when the measurement is made in 0.01 N HCI and the intensities of the two strong MCD bands become larger. The increased intensities of the two bands could, however, also be attributed to the more nearly orthogonal orientation ofthe B 2 u and B1u transition moments accompanying protonation or to a decrease in the separation of the energy Ievels. The MCD, CD and absorption spectra of the corresponding nucleoside, adenosine, are reproduced in Figure 16 in order to illustrate a case in which MCD is of much more value than CD for the purpose of resolving overlapping absorption bands. The oppositely signed MCD bands at 272 nm and at 253 nm clearly indicate that the 260 nm absorption band contains two unresolved components (the B 2 u and B 1u transitions). The CD curve of the nucleoside, on the other band, shows only a weak and poorly defined maximum in this region.
In the pyrimidine bases and nucleosides 56 the roles of MCD and CD are interchanged with respect to the application of the two methods for detecting closely spaced electronic transitions. For example, the observed MCD (i.e. CD plus MCD), MCD, CD and absorption spectra ofthe nucleoside uridine are shown irt Figure 17(a) . The absorption spectrum of uridine shows maxima at 261 and at 205 nm. The composite nature of these bands is evident from the CD Cotton effects at 268, 234 and 217 nm which have been correlated with the B 2 u, B 1 u and E 1 u transitions, respectively 60 • 61 . The MCD and absorption spectra for the corresponding base, uracil, are presented in Figure 17 (b) in order to illustrate a situation occasionally arising in the MCD of optically active compounds. Specifically, the similarity in the shapes of the observed MCD curve and the CD curves of uridine [ Figure  17(a) ] results in a rather poorly defined MCD curve. Consequently, it is desirable in these cases to have the constituent chromophore available for comparison.
Ci: 10 (Figure 16 ) are very similar in that both have absorption bands located at nearly the same wavelengths. The MCD spectra ofthe two nucleosides are, however, very dissimilar. As another specific example we can present the MCD and absorption spectra ( Figure  18 ) of two isomeric purines, namely 1-methyl-6-thiohypoxanthine and 9-methyl-6-thiohypoxanthine. Here it will be noted that the absorption spectra of these compounds are very similar both in terms of positions and intensity ofthe two absorption bands. Their MCD spectra, however, provide a means of differentiation between the two isomers because of the differences below 270 nm. In subsequent studies we investigated the MCD and CD spectra of a series of 3,5' -purine cyclonucleosides 31 and a series of 8-hydroxy and 8-mercaptoadenosine cyclonucleosides!>IS. Particularly in the former study 57 it was of interest to ascertain whether the generalizations observed in the MCD spectra of ordinary nucleosides 56 would also be applicable to the cyclonucleosides as well. As a specific example, the MCD, CD and absorption spectra of 2',3'-isopropylidene-3,5'-guanosine cyclonucleoside are reproduced in Figure 19 . The MCD spectrum at pH 7 is an example of a situation in which more than two excited states are significantly mixed by the magnetic field. In our analysis we found CD and MCD tobe of mutual and complementary value in the assignments of transitions. The dramatic changes in the MCD and CD spectra in neutral [ Figure J9 Faraday effect studies have also been made on other systems. In particular, Tollin 62 measured the MCD and CD spectra ofvarious riboflavin analogues and found evidence for the presence of two transitions which had been predicted by molecular orbital calculations 63 but which bad not been detected by ordinary means. In addition, the MCD spectra of the flavin and 81 the 6,7-dimethylquinoxaline cations were compared as a means of ascertaining that the position of protonation of the flavins was on the Nl nitrogen 64 applied MOR to the study of the oxidized and reduced forms of spinach ferredoxin and Bayer et al. 65 have investigated the application of MCD and CD for the structure determination of xanthine oxidase.
The carbonyl chromophore has been the subject of a number of MOR 16 :\,nm Figure 20 . MCD curves of acetone (--), cyclohexanone (-· · '), adamantanone (---) and 2,2-dimethylbutanal (----) in cyclohexane. Vertical bars indicate the signal to noise ratio. [9] M is normalized to 1 gauss. 250 .\,nm 300 350 Figure 21 . MCD and absorption spectra of 2-butanone (----), 3-methyl-2-butanone (--), and 3-methyl-2-hexanone (" · · ·)in cyclohexane. [8] M is normalized to 1 gauss.
this situation is that the effects exhibited by saturated carbonyl compounds are very small and require the use of particularly sensitive instruments in conjunction with superconducting magnets. For example, the values in Table 1 illustrate the range of magnitudes of the effects observed in the MCD spectra of some of the organic compounds cited in the present article. 69 reported that MCD effects could be observed only for cyclobutanone (Figure 24 ), 2-bromocyclobutanone and acetophenone whereas the M CD effects exhibi ted by a number of cyclic and acyclic ketones were too small to be detected. As a result, when we were recently able to achieve a significant enhancement in the sensitivity of our Durrum-JASCO circular dichrometer, it was of considerable interest to reinvestigate the general question of the MCD of carbonyl compounds. Our interest in the MCD of carbonyl compounds has been a continuing one and is based on our earlier success 1 -3 with ORD and CD measurements of optically active compounds containing the carbonyl chromophore. Thus, we have been particularly interested in ascertaining the extent to which MCD may provide information about the structure of optically inactive (achiral) carbonyl compounds. Indeed, the first few compounds measured showed a variety of shapes and signs for the MCD bands associated with the singlet n-rr* transition in the 290 nm region. The MCD curves of four simple carbonyl compounds are shown in Figure 20 in order to illustrate the range of effects which have been found 70 • 71 . Acetone and adamantanone both show a single but oppositely signed MCD band at 275 and 295 nm, respectively. For both compounds the maximum values in the MCD spectrum andin the absorption spectrum are in relatively close correspondence. Cyclohexanone shows three well-resolved positive components centred about 312 nm and a negative, but structureless. band at 275 nm. The sign pattern is reversed in the case of 2,2-dimethylbutanal since the negative component is found at 302 nm and a much weaker positive 84 component at 272 nm. It is apparent from their curves that MCD is considerably moresensitive to the structural environment ofthe carbonyl group than had been supposed. As a consequence, it seemed imperative to assess empirically the Ievel at which stereochemical information would appear 71 . 200 I.
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, ... , ... The MCD curves of several acyclic ketones are shown in Figure 21 . The singlenegative MCD band exhibited by 2-butanone is characteristic for all of the n-alkanones measured irrespective of the number of carbon atoms as weil as the position of the carbonyl group. Replacement of one or more cx-or cx'-hydrogen atoms may result in the appearance of two MCD bands as illustrated by the curve for 3-methyl-2-butanone. In some cases the positive component is not directly evident in the MCD spectrum. For example, the position of the MCD maximum with respect to the absorption maximum in the curve for 3-methyl-2-hexanone indicates the presence of a weakly positive band at Ionger wavelengths.
The MCD curves of several alkylderivatives of cyclohexanone are shown in Figures 22 and 23 in order to illustrate the range of effects exhibited by 85 alkyl substituents in the 2, 3 and 4 positions. The MCD curves (Figure 22 ) for 2-methyl-and 4-ethyl-cyclohexanone closely resemble that of cyclohexanone except for the Iack of discernible fine structure in the positive band. In the spectra of 3-methyl- (Figure 22 ) and 3-t-butyl-cyclohexanone ( Figure 23 ) only negative bands are evident. The weak and poorly defined curve (Figure 23 ) of 2-t-butylcyclohexanone suggests the presence of both positive and negative components which are of nearly the same energy and magnitude and hence effectively cancel each other. In the MCD spectrum of 4-t-butylcyclohexanone (Figure 23 ) two oppositely signed components are again evident; however, in this case the amplitude ofthe positive component is considerably greater than that of the negative one. (----) in cyclohexane. [9] M is normalized to 1 gauss.
In the unsubstituted cyclanone series shown in Figures 24 and 25 the multiplicity as weil as the magnitude of the MCD bands depends on the ring size. In the case of cyclopentanone (Figure 24 ) each of the vibrational components in the absorption spectrum has its Counterpart in the MCD spectrum. Cycloheptanone (Figure 25) shows two oppositely signed components as does cyclohexanone (Figure 20) . Only singlenegative effects are evident in the curves (Figure 25) for cyclooctanone, cyclononanone, and cyclodecanone whereas cyclododecanone again shows two oppositely signed components. It is interesting that considerably more structure is found in the MCD curves of cyclooctanone and cyclodecanone than in their absorption curves.
86
The results of a detailed analysis 5 3 of the magnetic optical activity of the carbonyl chromophore indicate that the correlation between structure and MCD in the n-n* absorption band of aldehydes and ketones must be approached with caution. Perhaps the most general statement which can be made is that for the locally electric dipole forbidden n-n* transition of aldehydes and ketones 7 3 MCD is particularly sensitive to the ratio of the symmetry allowed part to that part which is locally forbidden but which is 4r--------------------------------- Figure 25 . MCD and absorption spectra of cycloheptanone (---), cyclooctanone (------). cyclononanone (----), cyclodecanone (---), and cyclododecanone (" · · ·) in cyclohexane.
[9]M is normalized to 1 gauss.
made allowed through non-totally symmetric vibrations. In the case of a ketone having C lv symmetry (e.g. adamantanone), the n-n* transition is allowed only by vibrational perturbations. By considering the factors which influence the mixing of the n-n* state with other nearby states (e.g. the n-cr* and n-n* states), relative selection rules can be established for the sign of the B term associated with particular vibronic symmetries of the n-n* state. For symmetrical compounds, specific structures can, in principle, be correlated with the sign of the B term by comparing which states are mixed through reduction in symmetry (to Cs, Cs' and C 2 ) with those which are mixed by vibrational perturbations. However, structural correlations may 87 be obscured by the incursion of vibrational perturbations on an equallevel with symmetry perturbations.
It is tempting to correlate the positive and negative components observed in the MCD spectrum of cyclohexanone (Figure 20) with the chair and twist conformations, respectively. However, a more careful analysis 53 indicates that the positive structured components (Figure 20 ) are due to a vibrational perturbation of the same mode as is responsible for the positive effect observed for adamantanone (Figure 20) . The negative component is attributed to contributions from the chair and twist conformations of cyclohexanone; however, vibrational perturbations must also be considered. For example, the single negative MCD band observed (Figure 20) for acetone would suggest that either its equilibrium conformation is lower than C 2 v (i.e. C 2 ) or that, if C 2 v, the n-1t* transition is made allowed by a different vibrational perturbation than the one which is effective for adamantanone.
In summary, MCD is clearly a potentially important tool for spectroscopic assignments, for separation of certain overlapping absorption bands and for analytical purposes. In optically active compounds, CD and MCD may frequently offer complementary information and more routine measurements of MCD of optically active. compounds are definitely indicated. The possible role of MCD for structural or conformational deductions among achiral substances is still uncertain, but our most recent observations with carbonyl compounds suggest that more extensive sturlies are certainly warranted.
